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The ZTP riboswitch is a widespread family of regula-
tory RNAs that upregulate de novo purine synthesis
in response to increased intracellular levels of ZTP
or ZMP. As an important intermediate in purine
biosynthesis, ZMP also serves as a proxy for
the concentration of N10-formyl-tetrahydrofolate,
a key component of one-carbon metabolism. Here,
we report the structure of the ZTP riboswitch bound
to ZMP at a resolution of 1.80 A˚. The RNA contains
two subdomains brought together through a long-
range pseudoknot further stabilized through helix-
helix packing. ZMP is bound at the subdomain
interface of the RNA through a set of interactions
with the base, ribose sugar, and phosphate moieties
of the ligand. Unique to nucleobase recognition by
RNAs, the Z base is inner-sphere coordinated to a
magnesium cation bound by two backbone phos-
phates. This interaction, along with steric hindrance
by the backbone, imparts specificity over chemically
similar compounds such as ATP/AMP.
INTRODUCTION
One-carbon metabolism is an essential component of the
biosynthesis of almost all macromolecules in normal cellular ho-
meostasis and whose hyperactivation is increasingly appreci-
ated as a major factor in oncogenesis (Amelio et al., 2014; Loca-
sale, 2013). The central cofactor in these diverse biochemical
processes is tetrahydrofolate (THF), a carrier of one-carbon units
acquired from the glycine cleavage system. These carbon units
are either directly transferred to substrates by the appropriate
THF derivative or to other one-carbon carriers such as vitamin
B12 or S-adenosylmethionine (SAM). Regulation of the THF
pool in the cell is critical for maintaining flow of biosynthetic inter-
mediates through a number of pathways, and the reduced folate
pool is an important indicator of cellular nutrient status (Amelio
et al., 2014; Locasale, 2013). One critical part of the pathway
of this integrated network is purine biosynthesis, whereby one
of the last steps requires transfer of a formyl group from N10-
formyl-THF to 5-aminoimidazole-4-carboxamide ribonucleotide
(ZMP; Figure 1A) to form 5-formamidoimidazole-4-carboxamide
that is subsequently transformed into inosine monophosphateChemistry & Biology 22,(Zhang et al., 2008). As this is the only obligate THF-requiring
step in purine biosynthesis, the buildup of ZMP serves as a
potentially important proxy for depletion of N10-formyl-THF.
ZTP was hypothesized to be an alarmone signal for deficiency
of this one-carbon carrier (Bochner and Ames, 1982); however,
until recently there has not been an identifiable receptor for
ZMP/ZTP that directly senses and regulates the intracellular
N10-formyl-THF pool (Ducker and Rabinowitz, 2015).
In many bacteria, a variety of aspects of metabolism are
genetically regulated through an RNA-based element called a
riboswitch. These elements, generally found in the 50-leader of
mRNAs, directly sense a specific small molecule through a highly
structured aptamer domain, which typically communicates its
occupancy status to a downstream secondary structural switch
that instructs the expression machinery (reviewed in Garst
et al., 2011; Roth and Breaker, 2009). Many riboswitches are
observed to regulate aspects of one-carbon metabolism. Regu-
lation of SAM biosynthesis can be achieved through one of at
least six distinct classes of SAM binding RNAs, as well as the
buildup of its toxic product, S-adenosylhomocysteine (SAH) (Ba-
tey, 2011). A riboswitch that productively bindsmethylcobalamin
has alsobeen identified, but it likelymonitors the total intracellular
cobalamin pool rather than the fraction dedicated to one-carbon
transfer (Johnson et al., 2012; Weinberg et al., 2010). Finally, the
intracellular reduced folate pool could potentially be monitored
by the THF riboswitch (Ames et al., 2010). However, this RNA
does not discriminate between the various forms of reduced folic
acid, and thus cannot sense depletion of activated THF from the
general reduced folate pool (Trausch and Batey, 2014; Trausch
et al., 2011). Thus many of these riboswitches, while sensing
one-carbon carriers, do not obtain a global perspective on the
status of carbon flux through the system as would be achieved
by a sensor of ZMP/ZTP buildup due to insufficient N10-formyl-
THF (Ducker and Rabinowitz, 2015; Kim et al., 2015).
Recently, the Breaker laboratory identified and validated a
riboswitch capable of monitoring the intracellular N10-formyl-
THF pool via ZMP/ZTP concentrations (Kim et al., 2015). Origi-
nally identified as the ‘‘pfl’’ motif in a comparative genomics-
based approach to find structured non-coding RNA sequences,
this motif generally precedes genes involved in purine and N10-
formyl-THF biosynthesis (Weinberg et al., 2010). Despite this
strong indicator of possible effectors, this motif resisted initial
attempts to validate its ligand (Meyer et al., 2011). A subsequent
study that surveyed a series of pfl riboswitch candidates
revealed a subset of sequences able to bind ZTP, ZMP, and
Z-ribonucleoside (Kim et al., 2015). This RNA, renamed the
ZTP riboswitch, discriminates by at least 1,000-fold against829–837, July 23, 2015 ª2015 Elsevier Ltd All rights reserved 829
Figure 1. Structure of the ZTP Riboswitch
(A) Chemical structure of ZMP.
(B) Secondary structure drawn to reflect the tertiary
structure. Helices include P1 (blue), the J1/2-L3
pseudoknot (PK, yellow), P2 (cyan), and P3 (green).
ZMP (red) is placed within the secondary structure
to reflect its interactions with the RNA. The base-
pairing notation is that of Leontis and Westhof
(Leontis et al., 2002), and dashed lines represent
either single hydrogen bond base-base in-
teractions or van der Waals interactions between
bases and ZMP. The purple circles denote nucle-
otides that directly interact with a magnesium ion
that also interacts with the Z base.
(C) Tertiary structure of the ZTP riboswitch with the
same color scheme as (B).
(D) Tertiary structure rotated 90 counterclockwise.related compounds, including inosine monophosphate (IMP),
which differs from ZMP by a single carbon unit, and AMP. This
is important, as adenosine and guanosine nucleotides have
high intracellular concentrations and could therefore be potent
competitors of Z nucleotides.
To understand the structural basis for ZTP recognition and its
discrimination against chemically related nucleosides and nucle-
otides, we solved the crystal structure of a ZTP riboswitch in
complex with ZMP. The two subdomains of this RNA (P1/P2
and P3), separated by a flexible linker region, pack together via
the predicted pseudoknot. Conserved residues outside of the
pseudoknot form further tertiary interactions that mediate helical
packing. This formation of these tertiary interactions creates a
binding pocket where ZMP is specifically recognized through
hydrogen bonding and van der Waals interactions. Unique to nu-
cleobase recognition by RNA, the carboxamide oxygen of the Z
base makes an inner-sphere coordination with a magnesium ion
held in place by two backbone phosphates, and is likely essential
for discrimination against chemically similar metabolites.
RESULTS
Crystal Structure of the ZTP Riboswitch
RNA sequences were chosen from the pfl Rfam alignment
(accession Rfam: RF01750) (Griffiths-Jones et al., 2005; Na-
wrocki et al., 2015), and screened for the ability to bind ZMP
and crystallize. Structural analysis focused on an aptamer from
Actinomyces odontolyticus (Aod), a bacterium associated with
human bacteremia (Figure S1) (Cone et al., 2003). This switch
regulates expression of serine hydroxymethyltransferase, a
gene responsible for generating 5,10-methylene-THF. To facili-
tate crystallization, we altered the sequence in L2 from the
wild-type GCCA tetraloop to GAAA. This is a conservative muta-
tion as only the first purine and last adenosine in L2 are phyloge-
netically conserved, and GNRA type tetraloops are observed in
several sequences in the pfl alignment (Kim et al., 2015; Wein-
berg et al., 2010). In addition, the 11 nucleotide J-P1/P3 linker
was truncated to two uridines. An in-line probing assay revealed830 Chemistry & Biology 22, 829–837, July 23, 2015 ª2015 Elsevier Ltd All rights reservedthat this linker is highly susceptible to
cleavage in both the absence and pres-
ence of ligand, indicating that thissequence is conformationally flexible and not directly involved
in ligand binding (Kim et al., 2015). As the length of P1 is not
conserved, this sequence was also shortened by two base pairs.
Finally, two unpaired adenosines were added to the 30 end of the
RNA, which has been used in the past to facilitate crystallization
of other riboswitch aptamers (Reyes et al., 2009). The sequences
of the wild-type and crystallized RNAs are given in Table S1.
To validate that these changes do not significantly alter the
affinity of the RNA for ZMP, binding was tested by isothermal
titration calorimetry (ITC). The wild-type Aod sequence (Aod(wt))
binds ZMP in this assay, but with a stoichiometry consistent with
the majority of the RNA misfolded (Table 1). A previous report
indicated that a number of sequences identified as pfl ribos-
witches were found to be inactive, proposed to be due to their
inability to efficiently refold under in vitro transcription conditions,
asmonitored by in-line probing (Kim et al., 2015). Consistent with
this observation are the binding characteristics of other se-
quences that we tested, including those fromClostridium bartlet-
tii (Cba), Fusobacterium varium (Fva), and Dorea longicatena
(Dlo), whose titrations indicate that a varying fraction of the
RNA is misfolded (Table 1). While the RNA sequence used for
crystallization (Aod(xtal)) displayed a binding affinity similar to
that of other sequences tested, it notably had an observed stoi-
chiometry consistent with all of the folded and active RNA,
assuming a 1:1 ZMP/RNA binding ratio.
Crystals of the aptamer domain of the Aod pfl riboswitch ap-
tamer domain (Aod(xtal)) were grown in the presence of ZMP
that diffracted X-rays to 2.5 A˚ resolution. The phase problem
was solved using data collected on a rotating copper anode
home X-ray source using a combination of anomalous diffraction
from bound iridium hexammine (Keel et al., 2007) and molecular
replacement with three model helices (Robertson et al., 2010).
An initial model was built and refined, which was used for refine-
ment against a data set extending to 1.8 A˚ resolution obtained
using a synchrotron X-ray source (X-ray data and refinement sta-
tistics are listed in Table 2). The final model, including all residues
of the RNA and a single molecule of ZMP, had good final geom-
etry with an Rxtal of 21.4% and Rfree of 24.9%.
Table 1. ZMP Affinity of ZTP Riboswitch Variants as Determined
by ITC
RNA KD (mM)
a nb
Aod(wt) 4.2 ± 0.8 0.2 ± 0.1
Aod(xtal) 1.08 ± 0.06 1.04 ± 0.02
Aod(xtal-wtL2) 0.47 ± 0.03 0.79 ± 0.05
Aod(xtal-PKKO) ND ND
Aod(xtal-U58G) ND ND
Cba 0.66 ± 0.06 0.73 ± 0.01
Fva 1.4 ± 0.2 0.83 ± 0.02
Dlo 0.50 ± 0.02 0.48 ± 0.01
ND, no detectable binding; PKKO, pseudoknot knockout.
aITC buffer contains 10 mM K-HEPES (pH 8.0), 135 mM KCl, 15 mM
NaCl, and 10 mM MgCl2. Reported error is the SD of three independent
experiments.
bn refers to the stoichiometric ratio of ZMP to RNA.
Table 2. Crystallographic Statistics
Aod-ZMP 1 Aod-ZMP 2
PDB 4XW7 4XWF
Data Collection
Wavelength (A˚) 1.54180 1.00000
Resolution range (A˚)a 30.53–2.50
(2.60–2.50)
40.26–1.80
(1.84–1.80)
Space group P43212 P43212
Unit cell
a, b, c (A˚) 40.2, 40.2, 234.9 40.3, 40.3, 235.0
a, b, g () 90, 90, 90 90, 90, 90
Total reflections 57,330 74,021
Unique reflections 7,349 19,001
Rmerge 0.062 (0.159) 0.057 (0.574)
Redundancy 7.8 (5.5) 3.9 (3.6)
Completeness (%) 99.4 (95.0) 99.5 (99.3)
I/s(I) 17.1 (4.2) 9.7 (2.0)
CC1/2 0.997 (0.979) 0.997 (0.796)
Refinement
Resolution (A˚) 25.57–2.50 25.75–1.80
No. of reflections 7,144 32,475
Rwork/Rfree 0.25/0.27 (0.38/0.44) 0.21/0.25 (0.32/0.36)
No. of atoms
Total 1,473 1,544
RNA 1,379 1,379
Ligand 22 22
Ions 41 36
Water 31 107
B factors
B factor 31.3 35.1
RNA 30.6 34.0
Ligand 25.3 23.8
Ions 60.2 85.6
Water 27.5 35.0
Root-mean-square deviations
Bond length (A˚) 0.001 0.005
Bond angle () 0.421 1.043
Coordinate error (A˚) 0.41 0.27
aValues in parentheses represent the highest-resolution shell.The observed secondary structure of the RNA is consistent
with that predicted from covariation analysis, including the P1-
P3 helices and a pseudoknot (Figure 1B) (Kim et al., 2015; Meyer
et al., 2011;Weinberg et al., 2010). However, the observed pseu-
doknot is intermolecular, formed through base pairing between
nucleotides in J1/2 and L3 within two neighboring RNA mole-
cules in the crystal. Within each monomer, the two uridines of
J-P1/P3 form base pairs with the two adenosines added to the
30 end to create a small helix that promotes coaxial stacking of
the P1 and P3 helices (Figure S2A). Thus, the RNA forms an
elongated structure with the P2 stem loop at one end and P3
stem loop at the other end. In the crystal, the monomer forms
a head-to-tail dimer with another molecule (Figure S2B). This
interaction is further supported by additional long-range inter-
actions between adjacent molecules mediated by conserved
nucleotides within P1 and P3.
Several lines of evidence strongly support that one half of the
head-to-tail dimer reflects the structure of the biologically rele-
vant monomer. The biological unit includes the P1-P2 region
from one strand and P3 from the second (Figures 1C and 1D; Fig-
ure S2C). This type of dimer has been observed in the CrPV IRES
(Pfingsten et al., 2006) and an engineered dimer of the P4-P6 tet-
raloop-tetraloop receptor (Davis et al., 2005); in each case the
head-to-tail half reflects the biologically relevant structure. A sin-
gle molecule of ZMP is observed in the proposed biological
monomer, sitting between P1-P2 and P3 elements. Notably,
the tertiary architecture is reconcilable with previously published
structural probing data (Kim et al., 2015) as ZMP-dependent pro-
tections cluster around the binding pocket and tertiary contacts
(Figure 2A). Highly conserved nucleotides are clustered around
the ligand binding site and key tertiary interactions that hold
the structure together, further supporting the proposed biolog-
ical monomer (Figure 2B) (Kim et al., 2015; Weinberg et al.,
2010). All further discussion of the ZTP riboswitch will take into
account the biological monomer.
The ZTP riboswitch adopts an overall architecture dictated by
side-by-side organization of the P1-P2 and P3 subdomains (Fig-
ure 1). The P1 helix is extended by formation of four additional
non-Watson-Crick and Watson-Crick base pairs not predicted
by covariation analysis, which coaxially stacks upon P2. TheChemistry & Biology 22,P3 helix is positioned parallel to the P1-P2 coaxial stack, which
is primarily enforced by the formation of a pseudoknot helix
(PK) between nucleotides in the 50-side joining strand between
P1 and P2 (J1/2) and the loop of P3 (L3). This creates an infre-
quently observed HLIN type pseudoknot (Han, 2003). A single
molecule of ZMP is observed in the core of this structure, with
most interactions mediated by insertion between nucleotides
in L3 supported by additional interactions with the ribose-phos-
phate backbone of P2.
Intersubdomain Interactions
In the crystal structure, the 30 end of the P1 helix contains an
additional unanticipated five base pairs, many of which play829–837, July 23, 2015 ª2015 Elsevier Ltd All rights reserved 831
Figure 2. Superposition of Phylogenetic Conservation and In-Line
Probing Analysis on the ZTP Riboswitch Structure
(A) In-line probing data taken from the Breaker group (Kim et al., 2015) overlaid
onto the ZTP riboswitch structure. In red are bases that are structurally sta-
bilized in the presence of ZMP. In yellow are bases that remain unstructured
independent of ZMP.
(B) Conservation of bases in the ZTP riboswitch. Data taken from the
consensus sequence presented by the Breaker group (Kim et al., 2015). In red
are bases 97% conserved in their identity or purine/pyrimidine identity. In
black are bases 90% conserved in their identity or purine/pyrimidine identity.structural roles in mediating P1-P3 packing (Kim et al., 2015).
The first two pairs are tandem ‘‘sheared’’ sugar edge/Hoogsteen
edge G$A base pairs that form a well-established tandem G$A
module (G8$A38, A9$G37) (Cruz and Westhof, 2011; Gautheret
et al., 1994). Notably, Cruz and Westhof (2011) correctly pre-
dicted the presence of this module in pfl using a simple
descriptor of this module comprising the tandem G$A pairs
flanked by Watson-Crick pairs in a survey of Rfam alignments.
The most conserved nucleotides in this region of the RNA form
a C10-G36 base pair followed by a wobble U11-G35 base pair.
Mediating the P1-P2 coaxial stack is an unusual one-hydrogen
bond sugar edge-sugar edge A19$G34 pair.
The tandem G$A module mediates extensive side-by-side
helical packing interactions with P3 (Figure 3A). The adenines
of each G$A pair (A9 and A38) interact with the minor groove of
the C49-G61 and C50-G60 base pairs in P3 (Figure 3B). A38
forms an imperfect type I A-minor triple with the C49-G61 base
pair (Nissen et al., 2001) while the A9 forms a highly obliqueminor
triple with the two G-C pairs, similar to that observed in the glmS
ribozyme (Cochrane et al., 2007; Klein and Ferre´-D’Amare´,
2006). A further set of interactions is formed by the highly
conserved C10-G36 base pair to the G51-G59 pair that forms
part of the ZMP binding pocket (see below). This packing
arrangement is similar to that observed for other A-minor tri-
ple-mediated interactions such as that mediated by a loop E
module in the 5S rRNA that docks with the 23S rRNA (Nissen
et al., 2001) and intermolecular docking in crystals of small
RNA duplexes harboring the tandem G$A module (Jang et al.,
2004). Thus, this structure suggests that many of the examples
of conserved tandem G$A modules found by Cruz and Westfhof
in diverse ncRNA families serve to mediate helix-helix packing.
The second element of interaction between the two subdo-
mains is a pseudoknot between nucleotides in J1/2 (nt 12–15,832 Chemistry & Biology 22, 829–837, July 23, 2015 ª2015 Elsevier L17) and P3 (nt 53–57). Sequence and covariation analysis of
the ZTP riboswitch predicts that this interaction is made up of
four to five contiguous bases in J1/2 and L3 to form a Watson-
Crick base-paired helix (Kim et al., 2015; Weinberg et al.,
2010). The pseudoknot of the Aod aptamer domain contains
the expected four contiguous Watson-Crick base pairs between
nucleotides 12–15 and 54–57 (Figure 1B). A fifth unusual pair is
formed by extrusion of A16 from the helix and the sugar edge
of A17 pairing with the Watson-Crick face of C53; this helix is
capped by stacking of the unpaired C18with A17. In-line probing
of three representative members of the pfl family by the Breaker
group as a function of ZMP concentration reveals a substantial
degree of protection of almost all nucleotides in the pseudoknot
as well as those in the G$A module (Kim et al., 2015). Coupled
with the structure, these data indicate that ZMP binding stabi-
lizes intersubdomain interactions, a key component of the regu-
latory switch (Kim et al., 2015).
A Structurally Disrupted Tetraloop Stabilizes the Core
An unexpected feature of this RNA is interactions between L2
and the core of the RNA. Within the ZTP family of riboswitches,
the length of P2 is highly conserved at either four or five base
pairs capped by either a terminal loop or interrupted by an inter-
nal loop followed by another helix (P2b) of variable length (Kim
et al., 2015; Weinberg et al., 2010). The 50 and 30 nucleotides of
the loop are conserved as a purine and adenosine, respectively
(>90%). In the RNA sequence used for crystallization, the wild-
type GCCA loop was altered to GAAA, a conservative change
considering the poor conservation of sequence between these
purines and that the GAAA tetraloop is observed in biological se-
quences. In the crystal structure, the GAAA tetraloop is observed
in a highly unusual conformation. The canonical GAAA loop
conformation is such that the first and fourth nucleotides form
a sheared G$A pair, while the second and third adenosines are
stacked upon the fourth (Heus and Pardi, 1991). This conforma-
tion is found in the isolated tetraloop as well as being engaged
with a wide variety of docked states (Cate et al., 1996; Pley
et al., 1994). However, in the ZTP riboswitch, the first two nucle-
otides (G25 and A26) are stacked with the closing G24-C29 base
pair, while the other two are splayed out from the loop and
stacked on one another (Figure 4A). The fourth adenosine (A28)
forms a type I A-minor triple interaction (Nissen et al., 2001)
with the G12-C57 Waston-Crick pair of the pseudoknot. This
interaction, and its proximity to the binding pocket, justifies the
previously unclear conservation of this nucleotide. While this
disruption of a GAAA tetraloop architecture is unprecedented
among known GAAA interactions with RNA, it has been
observed in complex with proteins, such as in the complex be-
tween the sarcin homolog restrictocin bound to RNAs that mimic
the sarcin/ricin loop of rat 23S rRNA (Figure 4B) (Yang et al.,
2001). This interaction expands the means by which GAAA tetra-
loops mediate tertiary RNA-RNA interactions.
The ZMP Binding Pocket
The binding site for ZMP is primarily composed of four nucleo-
tides in the P3 loop. As discussed above, the central five nucle-
otides of L3 are involved in base-base interactions with J1/2 to
form the pseudoknot while the other four (two on each on the
50 and the 30 sides of L3) remain free of helical elements totd All rights reserved
Figure 3. Interactions between the Tandem
G$A Module of P1 and P3
(A) Side view cartoon of the minor grooves of P1
(blue) and P3 (green) packing, with base pairs that
interact denoted.
(B) Top view of the bases involved in tandem G$A
module helical packing, indicating the hydrogen
bonds (dashed lines) made in this region.form the core of the binding pocket (G51, C52, U58, and G59).
Importantly, three of these nucleotides (G51, U58, and G59)
are nearly invariant in the pfl family sequence alignment (Kim
et al., 2015; Nawrocki et al., 2015; Weinberg et al., 2010). The
base of ZMP, 5-aminoimidazole-4-carboxamide, forms a two-
hydrogen bond pairing interaction with U58, which is structurally
analogous to an A$U Hoogsteen edge-Watson-Crick edge pair
(Figure 5A). The Z base is stacked between the highly conserved
G12 and G59 residues. Further Z-base-specific interactions are
between its 5-amino group and N7 of G51 in L3 and O50 of U11 in
P1. O50 also provides the basis for discrimination against chem-
ically related IMP and AMP, which differ from ZMP sterically by
the presence of C2. Superimposition of adenine on ZMP reveals
that O50 of U11 clashes with C2 (Figure S3), such that the purine
rings of AMP and IMP would be excluded by the binding pocket,
in agreement with the 1000-fold selectivity for ZMP/ZTP over
AMP and >10,000-fold selectivity against IMP observed by the
Breaker group (Kim et al., 2015).
The ribosylmoiety of ZMP is recognized throughacombination
of hydrogenbonding interactions and vanderWaals packingwith
nucleotides in L3. Both hydroxyl groups are engaged in hydrogen
bonding interactions with the RNA: the 20-OH of ZMP interacts
with N7 of G12 of the first base pair in the pseudoknot, and the
30-OH of ZMP interacts with the 20-OH of G51 in L3 (Figures 5A
and 5B). The ribose sugar further forms van der Waals interac-
tions with G51, which is in the atypical syn conformation. This
interaction is supported by a one-hydrogen bonding interaction
between G51 and G59 in a highly buckled pairing arrangement.
The ZTP riboswitch binds Z bases containing a phosphate
(ZMP/ZTP) with higher affinity than the ribonucleoside alone
(Kim et al., 2015). Interactions between the phosphate group of
ZMP and RNA are mediated by a magnesium ion that forms a
single inner-sphere coordination with O2 of C52 (Figures 5A
and 5B). Across phylogeny the identity of this nucleotide is vari-
able, indicating that recruitment of this ion is not achieved iden-
tically in all ZMP variants. Based on this structure, it could be
predicted that a purine at this position could move the magne-
sium away from the sugar and the a-phosphate to better
recognize the b- and g-phosphates of ZTP, but this hypothesis
is countered by previous reports of variants with an A (Cba) or
U (Herminiimonas arsenicoxydans) at this position show no
discrimination between ZMP and ZTP (Kim et al., 2015). Instead,
members of the ZTP riboswitch family most likely only interro-
gate for the presence of the a-phosphate. A second direct inter-
action occurs between one of the phosphate oxygens and N6 of
C57 of the first base pair of the pseudoknot. The identity of this
base pair is >97% conserved across phylogeny, so this interac-Chemistry & Biology 22,tion is most probably the primary means of phosphate recogni-
tion by the ZTP riboswitch.
The most unanticipated aspect of ZMP recognition is metal-
mediated recognition of the oxygen of the 4-carboxamide group
of the Z base. Positioned 2.2 A˚ away from this oxygen is an Mg2+
that forms two other inner-sphere coordinations to non-bridging
phosphate oxygens of U11 and C29. The octahedral coordina-
tion geometry and interatomic distances (2.1–2.2 A˚) are consis-
tent with the identity of this metal ion as a specifically bound
magnesium. To investigate the role of divalent cations in ZMP
recognition, we measured the binding of ZMP and Z-riboside
to the riboswitch aptamer in the presence of a series of divalent
ions (Figures 5C and 5D; Table S2). While both ZMP and Z-ribo-
side bind with low micromolar affinity to the aptamer in the pres-
ence of magnesium, the only other divalent cation supporting
binding is manganese. ZMP displayed a 53-fold lower affinity
for the RNA inMn2+ compared with magnesium, while Z-riboside
showed 12-fold difference. Since Z-riboside does not have a
50-phosphate, the 12-fold difference is ascribed to the divalent
ion adjacent to the 4-carboxamide group. The additional4-fold
effect observed in ZMP is likely due to the divalent interacting
with the phosphate group. The moderate effect by the magne-
sium adjacent to the phosphate is consistent with the weak
contribution of the phosphate group to overall binding affinity
to the RNA. Furthermore, this metal ion is only weakly chelated
in comparison with magnesium ions observed adjacent to the
phosphate groups of thiamine pyrophosphate (Edwards and
Ferre-D’Amare, 2006; Serganov et al., 2006; Thore et al., 2006)
and flavin mononucleotide (Serganov et al., 2009) in complex
with their riboswitches. Thus, the magnesium ion adjacent to
the phosphate group of ZMP likely behaves more as diffusely
bound cation rather than as specifically bound. To ensure that
the effect of these metals was due to the specific sites within
the binding pocket and not to RNA misfolding, these conditions
were also surveyed using a native gel electrophoresis mobility
shift assay (EMSA). All divalent cations amenable to the EMSA
assay promoted the same shift in mobility due to RNA structure
formation and dimerization asMg2+ in the absence of ZMP, while
only themagnesium conditions saw an additional mobility super-
shift in the presence of ZMP (Figure S3). Together, these data
reveal that a specifically bound magnesium is an essential con-
stituent of the binding pocket.
DISCUSSION
The structure of the ZMP/ZTP binding riboswitch significantly
furthers understanding of interactions of cellular nucleotides829–837, July 23, 2015 ª2015 Elsevier Ltd All rights reserved 833
Figure 4. Splayed Tetraloop in the ZTP
Riboswitch
(A) P2 and the L2 tetraloop (cyan) form an alter-
native structure where A28 creates contacts with
the binding pocket and A27 stacks upon A28. Note
that A26 and A27 (denoted by asterisks) are both
cytosine in the wild-type Aod sequence.
(B) Crystal structure of the tetraloop of sarcin/ricin
RNA analog bound to restrictocin (PDB: 1JBT;
Yang et al., 2001). The protein (orange) induces a
fold in the tetraloop (cyan) similar to that seen in the
ZTP riboswitch. The dagger indicates the cleavage
site of the sarcin/ricin loop.with RNA by revealing several novel aspects of recognition of
these compounds. Over the past decade, a number of structures
of riboswitch aptamers in complex with nucleobases (guanine,
adenine, and pre-Q1), nucleosides (2
0-deoxyguanosine), and
derivatives (e.g., SAM, coenzyme B12, and cyclic dinucleotide
second messengers) have yielded an increasingly clear picture
of how RNA recognizes these compounds (reviewed in Peselis
and Serganov, 2014). Invariably, the nucleobase is recognized
as part of a base pair or triple that is further stabilized through
p-stacking interactions between the ligand and RNA (Batey,
2012). The structure of the ZTP riboswitch, the first of a
nucleotide-selective RNA, reveals novel features of recognition.
Unlike the ‘‘ATP’’ aptamer (Sassanfar and Szostak, 1993), which
appears to show little selectivity for AMP over adenosine and
whose structures do not reveal how the RNA would specifically
recognize the a-phosphate group (Dieckmann et al., 1996; Jiang
et al., 1996), the ZTP riboswitch has a clear preference for
nucleotides over the corresponding nucleoside or nucleobase
(Kim et al., 2015), which is supported by the crystal structure.
Like other riboswitches that recognize phosphate groups such
as thiamine pyrophosphate and flavin mononucleotide, the
ZTP riboswitch uses a bound divalent cation to bridge the
phosphate group and RNA, as well as a single direct contact
to the RNA.
Unique to nucleobase recognition, the ZTP riboswitch uses a
metal ion to promote high affinity and specificity of binding.
The magnesium ion is held in place by inner-sphere coordina-
tions to two backbone phosphates, positioning the cation to
form an inner-sphere coordinate bond with the electronegative
carboxamide oxygen of the Z base (Figure 4). The most analo-
gous means of ligand recognition is found within the SAM-I
and SAM-II riboswitches, in which the positively charged sulfo-
nium group of SAM is recognized by carbonyl groups in the
major groove of uridine bases, and in the case of SAM-I has
been shown to impart selectivity for SAM over SAH (Batey,
2011). While the direct Z-base interaction with magnesium is
unique to known modes of nucleobase recognition by RNA, it
is common for RNAs to use carbonyl groups in the major groove
to recruit metal ions or as part of metal ion binding pockets (Auf-
finger et al., 2011).
The structure of the binding pocket further sheds light on the
ZMP analog screening done by the Breaker group (Kim et al.,
2015). ZTP, ZMP, and cyclic ZMP all bind with high affinity,
consistent with the phosphate(s) directed away from the RNA
and into solution. Loss of the a-phosphate results in a moderate
loss in affinity, while further loss of the ribose (Z base only) yields834 Chemistry & Biology 22, 829–837, July 23, 2015 ª2015 Elsevier La significant (10-fold) reduction in affinity. Other analogs disrupt-
ing the hydrogen bonding around the Z base are not tolerated.
This makes it that much more surprising that any affinity is
observed with ATP and other adenine derivatives. It is possible
that coordination of the carboxyl oxygen in ZMP is substituted
by coordinating with N1 of the adenine base. Superimposition
of adenine into the binding pocket reveals a clash between C2
of adenine and the non-bridging phosphate of U11. A static inter-
pretation of the structure is incompatible with ATP binding, but a
subtle structural shift could be possible. There is no evidence
that ATP is an effector of the ZTP riboswitch. Together, these
data from the Breaker group further support the observed
mode of ZMP binding in the crystal structure.
Along these lines, the ZTP riboswitch may be a promising
target of for the development of antibiotics. De novo purine syn-
thesis is important for the production of DNA and RNA precur-
sors, making this biosynthetic pathway a key pharmacological
target to reduce the growth of rapidly growing cells (Christopher-
son et al., 2002; Legraverend and Grierson, 2006), and has been
successfully targeted with antibiotic and anticancer compounds
(Gonen and Assaraf, 2012; Shah et al., 2013). A small molecule
that prevents the two subdomains (P1/P2 and P3) from produc-
tively associating might inhibit expression of enzymes required
for continued rapid growth, such as formate-tetrahydrofolate
ligase. The structural understanding presented here represents
the starting point for computational design and screening of
molecular inhibitors.
Another emerging application of riboswitch aptamers is the
in vivo sensing of small molecules. For example, the SAM-I ribos-
witch aptamer domain was attached to a fluorophore binding
module to create a robust sensor of SAM in Escherichia coli,
revealing substantial heterogeneity in the intracellular concentra-
tion of this important metabolite (Paige et al., 2012). In addition,
the use of similar sensors using aptamers that bind second
messenger signaling molecules have enabled the discovery of
new biochemical pathways (Kellenberger et al., 2015). While it
is difficult to conceive of how the monomeric ZTP riboswitch
can be easily attached to modular fluorophore binding aptamers
to create a genetically encodable sensor of ZMP/ZTP, the
observed crystallographic dimer may provide a solution to this
problem. Circular permutation of a linked dimer would enable
attachment through a variant that contains a stem loop in J1/2,
such as observed in the Cba ZTP riboswitch variant. Given the
importance of one-carbon metabolism in oncogenesis, such a
sensor could be a valuable tool for monitoring this process or
redox state associated with THF pools.td All rights reserved
Figure 5. ZMP Interactions with the Ribos-
witch
(A) Top view of the binding pocket. Coloring
matches Figure 1. Hydrogen bonds are shown in
black, coordinations formed with the two magne-
sium ions in blue, and waters as red spheres.
(B) Side view of the binding pocket indicating
the stacking interactions with the ligand formed by
G12, G59, and G51.
(C) Calorimetric titrations of the Aod(xtal) RNA with
ZMP in the presence of different divalent ions.
(D) Calorimetric titrations of the Aod(xtal) RNA with
Z-ribonucleoside in the presence of different
divalent ions. Average affinities in triplicate are
shown in Table S2.SIGNIFICANCE
Riboswitches are amajor means of controlling gene expres-
sion in bacteria by exploiting a number of regulatory mech-
anisms including transcriptional and translational regula-
tion, mRNA degradation, and synthesis of antisense RNAs.
At present, more than 25 classes of riboswitches have
been identified and validated that specifically bind effectors
spanning a broad spectrum of small molecules from ions to
protein cofactors. Beyond serving as an important model
system for understanding RNA structure and function,
riboswitches are being increasingly explored as potential
targets of antimicrobial therapeutics, exploited as biosen-
sors of small molecules in the cellular environment and as
parts of synthetic biological devices. The pfl motif, which
specifically was recently discovered to recognize ZMP and
ZTP, represents a widely dispersed and ancient class of
riboswitches. This study reveals the first structure of an
RNA that selectively recognizes a nucleotide and yields
new insights into how recurrent motifs such as the tandem
G$A pair and GNRA tetraloop are used to create higher-
order RNA architecture. Most interestingly, selectivity for
the Z base over adenine or hypoxanthine is in part
achieved through metal-mediated recognition, unprece-
dented among known RNA-nucleobase interactions. The
structure of the ZTP riboswitch can serve as the basis for
structure-guided small-molecule targeting of this ribos-
witch as well as design of novel ZMP/ZTP biosensors.
EXPERIMENTAL PROCEDURES
RNA Synthesis and Purification
DNA templates for transcription of RNAs used for biochemical and structural
experiments were created using recursive PCR (Prodromou and Pearl,
1992). To minimize non-templated addition of nucleotides at the 30 end ofChemistry & Biology 22, 829–837, July 23, 2015the transcript by T7 RNA polymerase, the template
contained 20-O-methyl groups on the two 50 bases
on the reverse strand (Kao et al., 1999). RNA was
transcribed and purified using previously pub-
lished methods (Reyes et al., 2009). In brief, T7
RNA polymerase was used to transcribe RNA for
2 hr at 37C in a reaction containing 1.25 ml of
103 transcription buffer (300 mM Tris-HCl [pH
8.0], 100 mM DTT, 5 mg/ml spermidine, 0.1%
Triton X-100), 32 mM MgCl2, 4 mM each nucleo-side triphosphate, 8 mM DTT, 1.2 ml DNA template from PCR (1 mM stock
template), 4 units of inorganic pyrophosphatase, and 50 ml of 10 mg/ml T7
RNA polymerase for a total reaction volume of 12.5 ml. The reaction was
ethanol precipitated, RNA pelleted by centrifugation, solubilized in 0.53 TE
buffer (5 mM Tris-HCl [pH 8.0], 0.5 mM EDTA), and electrophoresed on a
12%denaturing (8M urea) 29:1 polyacrylamide gel. The band containing prod-
uct RNA was identified by UV shadowing, and the gel crushed and passively
eluted into 0.53 TE buffer. The solution was concentrated and buffer
exchanged into 0.53 TE buffer. This stock of RNA is stored at concentrations
between 0.5 and 1 mM at 20C until use.
Crystallization of the ZTP Riboswitch
RNA was crystallized using the hanging-drop vapor diffusion method. An RNA
solution (300 mM RNA, 1 mM ZMP; Sigma-Aldrich) was heated to 65C for
2 min and immediately cooled on ice for 10 min. One microliter was added
to a siliconized glass slide and mixed with 1 ml of mother liquor (29%–31%
PEG 8K, 150–170 mM NH4OAc, 5 mM Mg(OAc)2, 50 mM Na-cacodylate [pH
7.0]). The drop was equilibrated against 500 ml of mother liquor at 30C. Elon-
gated bipyramidal crystals formed within 3 days, reaching a maximum size of
0.4 mm. For phase determination, the crystals were soaked for 10–30 min in
mother liquor supplemented with 30 mM iridium hexammine. Crystals were
scooped and flash-frozen in liquid nitrogen. Upon mounting, many crystals
saw an improvement in spot shape and resolution using a crystal-annealing
protocol whereby the cryostream was blocked for 7 s and refreezing through
rapidly reintroducing the cryostream (Harp et al., 1999; Yeh and Hol, 1998).
Data Collection and Structure Determination
Initial screening and data collection were performed with a Rigaku R-Axis IV
image plate system using CuKa radiation. The resulting diffraction data, ex-
tending to 2.5 A˚ resolution, was indexed, integrated, and scaled using iMoslfm
(Battye et al., 2011). These data revealed modest anomalous signal from
bound iridium, but efforts to find heavy atom sites using SOLVE as imple-
mented in PHENIX (McCoy et al., 2007) were unsuccessful. To supplement
the anomalous signal we employed methods of molecular replacement for
de novo phasing developed by the Scott laboratory (Robertson et al., 2010).
The A-form helices of the RNA predicted from covariation analysis (P1, P2/
L2, P3, and PK) were modeled with MC-Sym (Parisien and Major, 2008).
Phaser-MR was used to independently search and place models correspond-
ing to P1, P2/L2, and PK with a translation function Z score (TFZ) of 6.4.ª2015 Elsevier Ltd All rights reserved 835
Although P1 and PK displayed clear electron density, P2 did not and was
removed from the search model. It was discovered later that the placement
of PK was incorrect and corresponded to P2. For the next round of molecular
replacement, the search model of P1 and PK was locked and a search for P2
without L2 was done, resulting in a TFZ score of 5.5. Although density around
each of the placed helices was clear, it failed to pull out any unmodeled density
and was unsuitable for solving the phase problem alone. The resulting three
helices were combined into a single search model and used to bootstrap tradi-
tional single-wavelength anomalous diffraction phasing. Phaser-EP was at this
point successful in finding four iridium hexamine sites with a figure of merit of
0.359. The solution was exported to PHENIX AutoBuild, where the majority of
themolecule was built. At this stage, the density was sufficiently clear tomanu-
ally build and assign every base as well as the ZMP within Coot (Emsley and
Cowtan, 2004). The model was eventually refined using phenix.refine to an
Rwork and Rfree of 0.25 and 0.27, respectively.
A higher-resolution data set from a different crystal was collected at the
Advanced Light Source (Beamline 5.0.2). Some radiation damage was
observed after 110 frames at a 1-s shot time. Despite this, a high-quality
data set extending to 1.8 A˚ resolutionwas collected. The test set of the previous
data set wasmatched to this one and extended to the highest resolution before
using the final model derived from home source data in molecular replacement
against the synchrotron data. Refinement of themodel against the synchrotron
data enabled a better solvent model, particularly with respect to magnesium
ions, and resulted in an Rwork and Rfree of 0.21 and 0.25, respectively. Electron
density maps are presented in Figure S4. The atomic coordinates and associ-
ated structure factors are deposited in the Research Collaboratory for Struc-
tural Bioinformatics under accession numbers PDB: 4XW7 and 4XWF.
Isothermal Titration Calorimetry
RNA used for ITC was dialyzed overnight at 4C against a buffer containing
10mMK-HEPES (pH 8.0), 135mMKCl, 15mMNaCl, and 10mMdivalent chlo-
ride salt. The concentration of RNA was determined by UV spectroscopy with
an extinction coefficient calculated using Integrated DNA Technologies Oligo
Analyzer tool. ZMP and Z-ribonucleoside (Sigma-Aldrich) were dissolved in
dialysis buffer and the concentration was determined similarly using an extinc-
tion coefficient of 12,600 M1 cm1 at 269 nm. The concentration of RNA
for each experiment was chosen to achieve an optimal c value (Turnbull and
Daranas, 2003). For most titrations this was approximately 100 mM; the ligand
concentration was 10-fold higher than the RNA concentration to achieve satu-
ration. Each titration consisted of 21 injections, the first of which was 0.2 ml and
the rest 2.0 ml (Gilbert and Batey, 2009). The titrations were integrated and fit
using Origins 7.0 (MicroCal) using a single-site binding equation. Example
thermograms are presented in Figure S5. Data presented represent the
average and SD of three independent titrations.
Electrophoretic Mobility Shift Assay
For each lane, 50 ml containing 5 mM RNA, 0 or 1 mM ZMP, 10 mM divalent
chloride salt or 1 mM EDTA, and 20% (v/v) loading dye (30% [v/v] glycerol,
0.25 [w/v] bromophenol blue, 0.25% [w/v] xylene cyanol FF) was incubated
at 4C for 30 min. An 8% native 29:1 polyacrylamide gel containing 13 Tris/
borate/EDTA (TBE) and 10 mM divalent chloride salt was run in a buffer con-
taining 13 TBE and 10 mM divalent chloride salt. The gel that did not contain
a divalent ion contained 1mMEDTA (pH 8.0) in both the gel and running buffer.
Gels were loaded with 10 ml of sample and run at 250 V while maintaining a
temperature of 4C. RNA was resolved using ethidium bromide. MnCl2 and
CoCl2 were not amenable to this assay, as they undergo redox reactions under
an electric potential.
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